The material system, GaInNAs, is of significant interest, both because it provides a route to 1.3 m vertical cavity lasers, 1, 2 and also because it potentially enables a reduced temperature sensitivity of the threshold current compared to conventional InP-based 1.3 m lasers. It is now well established that nonradiative recombination crucially influences the performance of InP-based lasers. 3 The main mechanism of nonradiative recombination is Auger recombination ͑AR͒.
1 Recent experimental analysis estimates that AR contributes 30%-50% of the total threshold current both in GaInNAs and in InP-based 1.3 m devices at room temperature. 4, 5 AR is then the main cause of the rapid increase in threshold current at room temperature and above.
The aim of this letter is to study theoretically the AR rate and its temperature dependence in GaInNAs quantum wells ͑QWs͒. We consider the most likely AR paths, and identify hole excitation as the dominant AR process. We show that the Auger recombination coefficient has a relatively weak ͑nearly linear͒ temperature dependence in the QW considered, but conclude that AR will dominate the hightemperature threshold characteristics of ideal GaInNAs lasers.
Although AR rates have been calculated previously by many authors, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] the results presented here are the most advanced to date for lasers operating in the telecomm ͑1.3-1.5 m͒ waveband. In narrow-gap materials, the spin-orbit splitting is larger than the band gap and therefore the mechanism of Auger recombination in such materials is different from that in the 1.3 m structure. 5 Considerable progress has been made in the development of accurate Auger calculations for narrow-gap materials; [6] [7] [8] [9] [10] [11] by contrast, a variety of severe assumptions and approximations have been made in previous calculations of the AR rate for 1.3-1.5 m QW structures. For example, in Ref. 12 , the spin-orbit interaction was neglected and only the CHCC process was considered ͑see Fig. 1͒ . A linear approximation was used for the electron-hole overlap integral in Ref. 13 ; the effect of QW strain was omitted in Refs. 12 and 14; and the effect of light-heavy hole mixing was neglected in Ref. 14; while a simple effective-mass approximation was used to calculate the overlap integrals in Ref. 15 . All of these approximations can lead to errors of up to one order of magnitude in the calculated AR rate, and they also obscure trends in the dependence of AR rate on temperature and structure parameters.
For our calculations we consider a 64 Å Ga 0.64 In 0.36 N 0.017 As 0.983 /GaAs QW structure, similar to that used as the active region of a 1.3 m laser whose experimental characteristics have recently been studied in detail. 5 The conventional eight-band k"p Hamiltonian must be extended to a ten-band model 16 to describe the band structure of GaInNAs, adding two ͑spin-degenerate͒ nitrogen-related bands to the usual two conduction and six valence band Bloch functions. 17 The 10ϫ10 k"p model has been successfully used to describe the energy spectra and optical transitions in GaInNAs QWs, 18 and to describe the gain spectra as a function of carrier density in 1.3 m laser structures. 19 Calculation of the Auger rates requires several stages: first, determination of the QW band structure and wave functions, including highly excited states; then evaluation of the overlap integrals and Coulomb matrix elements; and finally the summation over all initial and final carrier states for the dif- Figure 1 shows the band diagram corresponding to the two major Auger proceses, CHCC and CHHS. In quantum wells, heavy-and light-hole states are mixed at nonzero in-plane momentum; therefore ''H'' stands both for light and heavy holes in the Auger process classification. In addition, the excited state in a QW structure may be either bound ͑a confined QW state with large in-plane momentum͒ or unbound. In the GaInNAs structure studied here, the Auger process with electron excitation to a bound state turns out to be negligible ͑partly due to the presence of the nitrogen band͒; the excitation of a hole to a bound state is also not important, due to the large inplane momentum required. Auger processes involving phonons are generally not important for the relatively high (TϾ250 K) temperatures considered here. As a result only the two Auger processes depicted in Fig. 1 are significant in the GaInNAs QW studied. In both these processes the final state for the excited carrier is unbound. The calculated energy spectra of carriers localized in the given GaInNAs QW structure can be found in Refs. 5 and 20. For the excited carrier states we note that above-barrier reflection at the QW boundaries must be taken into account ͑i.e., the wave function of the excited state is not just a plane wave, see below͒.
The Coulomb matrix element M for the Auger recombination process in the QW is M ϭM I ϪM II ; with M I given by 8, 9 M
where
iqx dx is the overlap integral between the states with indices ␣ and ␤ ͑equal to 1, 2, 3, and 4 denoting the states of the four carriers involved in the Auger process͒; the x axis is directed along the QW growth direction; (q,) is the dielectric function determined using the Lindhard formula, 21 q is the momentum transferred, and ប the energy transferred during the Auger process; k iʈ is the in-plane momentum of the ith state. M II is obtained from M I by formal 3↔4 substitution. It is important to calculate the overlap integral using the wave functions determined from the multiband model; the product ⌿ ␣ ⌿ ␤ in the above expression for the overlap integral involves the scalar product of two vectors ͑in the basis of the ten Bloch functions͒. This scalar product strongly depends on the inplane momentum of the particles.
It follows from Eq. ͑1͒ that the Auger matrix elements are determined from two overlap integrals: an electron-hole overlap integral between two states localized in the QW and an overlap integral between a localized state and a highly excited unbound state. We describe briefly the main characteristics of these two important quantities. The solid line in Fig. 2 shows the dependence of the electron-hole overlap integral I eh on the momentum transferred. The dependence I eh (q) is nonlinear, so that the previously used linear approximation 13 for I eh (q) is generally not valid for QW structures. It follows from an analysis of Eq. ͑1͒ that the matrix element consists mainly of two contributions:
8,9 a contribution from an area where ''small'' values of momentum are transferred, qϳ͉k eʈ Ϫk hʈ ͉Ͻ/a (a is the QW width͒; and a contribution where ''large'' values of momentum are transferred, qϳk g , where k g satisfies the equation
is the effective band gap, m c is the effective electron mass͒. In practice the existence of these two contributions means that the whole range of q values is important in Eq. ͑1͒, from very small values ͑where I eh varies linearly with q) to relatively large values of q ͑where the linear approximation used in Ref. 14 is in error by more than one order of magnitude͒. The value of the I eh overlap integral is also strongly influenced by the light-heavy hole mixture at nonzero in-plane momentum. It should be noted that the electron-hole overlap integral is dependent on various QW parameters, including the quantum well width and depth, the strain, and the effective band gap; this can give a strong dependence of the Auger rate on these structure parameters. 11 To study the influence of the N band on the electron-hole overlap integral we also considered an artificial N-free InGaAs-like QW structure with the same effective band gap and band offsets ͑details of this structure are given in Ref. 20͒. The overlap integral for this artificial structure is shown by the dashed line in Fig. 2 . The interaction with the N band reduces the conduction band (s like͒ component of the electron wave function, while the hole states are largely unaffected by the presence of the N band. The change in the electron wave function leads to a small reduction in the overlap integral at a given q value compared to the N-free structure. Thus, the presence of nitrogen leads to a decrease in I eh ; this decrease is larger for larger N content x N ͑if the band gap and other structure parameters are kept unchanged͒. The Auger matrix element depends also on the overlap integral I ex between the localized and excited ͑elec-tron or hole͒ states. From a mathematical point of view, this is an integral between the ''smooth'' wave function of a carrier localized in the QW ͑with wave vector kϳ/a) and the highly oscillating wave function of an excited carrier ͑with wave vector kϳk g ). As a consequence, the overlap integral I ex is usually small compared to I eh . Deviation of the excited state wave function from a simple plane wave also significantly influences the value of I ex . The AR rate is calculated by summing over all possible initial and final states using Fermi's golden rule. Mathematically this requires the calculation of a five-dimensional integral over the carrier momentum components and a summation over the electron and hole QW levels ͑these final integrals were calculated numerically͒. Figure 3 shows the calculated AR coefficient C as a function of temperature. The value of C calculated is about 5% smaller than the value we obtain for the equivalent artificial N-free structure. We define this coefficient as CϭG/n 3 , where G is the Auger rate calculated for a carrier density of nϭpϭ10 12 cm Ϫ2 . The Auger coefficient ͑and its temperature dependence determined in this way͒ does depend on the carrier density; the calculated AR rate has a slightly subcubic dependence on carrier density. It follows from Fig. 3 that the main AR path is via the CHHS recombination process. This result agrees with a previous experimental and theoretical analysis, which concluded that the CHHS process dominates in InGaAs͑P͒-based devices. 22 The calculated AR coefficient depends weakly on temperature, because Auger recombination is a thresholdless process in QW heterostructures, due to the lack of momentum conservation along the QW growth direction. 8, 12, 23 Previous experimental measurements also confirmed a weak temperature dependence of the Auger coefficient in an InGaAsP-based QW structure. 24 The temperature dependence of the Auger contribution J A to the total laser threshold current is then dominated by the variation of the threshold carrier density with temperature, n th (T). Combining the AR results presented in this letter with a detailed calculation of n th (T), 25 we find very good agreement between the calculated values of J A (T) and the experimentally determined values. 5 For example at Tϭ300 K the calculated J A ϭ205 A/cm 2 , and the experimental value J A (exper) ϭ177 A/cm 2 ; at Tϭ360 K the calculated J A ϭ1045 A/cm 2 and the experimental J A (exper) ϭ1076 A/cm 2 . In summary, we have studied theoretically the role of Auger recombination in a GaInNAs/GaAs strained QW. We found CHHS recombination to be the dominant Auger recombination path, involving hole excitation to an unbound state in the spin-split-off band. The calculated AR coefficient in GaInNAs QWs is of the same order of magnitude as in nitrogen-free structures with similar parameters ͑same effective band gap and band offsets͒. The introduction of nitrogen decreases the electron-hole overlap integral, but also leads to an increased conduction band density of states; the combination of these two factors results in an approximately unchanged AR coefficient, C. We conclude that Auger recombination plays an important role at room temperature and above in GaInNAs 1.3 m QW laser structures, putting an intrinsic limit on the temperature stability of the threshold characteristics. The AR rate is sensitive to the variation of QW structure parameters ͑e.g., strain, effective barrier height and band gap͒, so further investigations would be valuable to identify optimized device structures. Overall, our results confirm that the intrinsic gain and loss characteristics of GaInNAs make this material very attractive for vertical cavity lasers and other integrated GaAs-based devices. 
